Bacterial lytic polysaccharide monooxygenases (LPMO10s) use redox chemistry to cleave glycosidic bonds in the two foremost recalcitrant polysaccharides found in nature, namely cellulose and chitin. Analysis of correlated mutations revealed that the substrate-binding and copper-containing surface of LPMO10s composes a network of co-evolved residues and interactions, whose roles in LPMO functionality are unclear. Here, we mutated a subset of these correlated residues in a newly characterized C1/C4-oxidizing LPMO10 from Micromonospora aurantiaca (MaLPMO10B) to the corresponding residues in strictly C1-oxidizing LPMO10s. We found that surface properties near the catalytic copper, i.e. side chains likely to be involved in substrate positioning, are major determinants of the C1:C4 ratio. Several MaLPMO10B mutants almost completely lost C4-oxidizing activity while maintaining C1-oxidizing activity. These mutants also lost chitin-oxidizing activity, which is typically observed for C1/C4-oxidizing, but not for C1-oxidizing, cellulose-active LPMO10s. Selective loss in C1-oxidizing activity was not observed. Additional mutational experiments disclosed that neither truncation of the MaLPMO10B family 2 carbohydrate-binding module nor mutations altering access to the solvent-exposed axial copper coordination site significantly change the C1:C4 ratio. Importantly, several of the mutations that altered interactions with the substrate exhibited reduced stability. This effect could be explained by productive substrate binding that protects LPMOs from oxidative self-inactivation. We discuss these stability issues in view of recent findings on LPMO catalysis, such as the involvement of H 2 O 2 . Our results show that residues on the substrate-binding surface of LPMOs have co-evolved to optimize several of the interconnected properties: substrate binding and specificity, oxidative regioselectivity, catalytic efficiency, and stability.
Microorganisms that utilize structural carbohydrates, such as cellulose and chitin, as a source of energy secrete a plethora of hydrolytic and oxidative enzymes. Among these are the recently discovered copper-dependent lytic polysaccharide monooxygenases (LPMOs) 2 (1) (2) (3) , which use oxidative chemistry to cleave polysaccharides. By carrying out cleavages in crystalline regions of polysaccharides, LPMOs make the substrate more tractable to the action of canonical endo-and exocellulases (1, 4, 5) . Today, it is widely recognized that LPMOcatalyzed oxidative processes play a major role in microbial conversion of recalcitrant polysaccharides through a synergistic interplay with hydrolytic (6, 7) as well as other redoxactive enzymes (3, 8 -11) . The catalytic mechanism of LPMOs remains poorly understood (12) (13) (14) (15) . The reaction is generally considered to require molecular oxygen and two externally delivered electrons (1) . Recently, an alternative mechanism involving H 2 O 2 rather than O 2 has been proposed (16) .
As of 2013, LPMOs have been classified into four of the 13 families of auxiliary activities (AA9 -11 and 13) in the database for carbohydrate-active enzymes (CAZy) (17) . Members of families AA9, -11, and -13 are of fungal origin, whereas the bacterial LPMOs group in family AA10. AA9 LPMOs (LPMO9s) are known to act on cellulose (2, 18, 19) , cello-oligosaccharides (20) , xyloglucan, glucomannan (21) , and xylan (22) . In terms of the oxidative regioselectivity, three types of cellulose-oxidizing LPMO9s have been described, namely those that strictly oxidize the C1-or the C4-carbon and those that can oxidize both ( Fig. 1) (23) . For AA10 LPMOs (LPMO10s), activity toward chitin (1) and cellulose (24) or both (25) has been described. All hitherto characterized chitin-active LPMO10s oxidize exclusively the C1-carbon atom, whereas those that act on cellulosic substrates have been shown to either exclusively oxidize the C1 position or generate a mixture of C1-and C4-oxidized products (25) . Furthermore, LPMO10s that can oxidize both the C1-and the C4-carbon in cellulose are also capable of oxidizing the C1-carbon in chitin (25) . C1 oxidation results in the formation of 1,5-␦-lactones, which are spontaneously converted to the hydrated and more stable aldonic acid forms (Glc n Glc1A) at neutral pH (26) . LPMOs that oxidize the non-reducing end (C4oxidizers) produce 4-ketoaldoses (Glc4KGlc n ) that are spontaneously hydrated to their corresponding gemdiol (Glc4GemGlc n ) form ( Fig. 1) (20) . LPMOs with mixed C1/C4 activity can generate double-oxidized products (25) , which result from two oxidative cleavages in the same polymer chain.
Although members of different LPMO families share low sequence identity, their structural resemblance is conspicuous. The pyramidal core structure of LPMOs consists of a distorted ␤-sandwich comprising two ␤-sheets that are connected by a varying number of loops and helices. The surface-exposed active site is part of a flat substrate-binding surface (2, 27, 28) and comprises a copper ion coordinated by two histidines in a T-shaped geometry. Because this copper site is conserved in all types of LPMOs, variation in enzyme performance, substrate specificity, and oxidative regioselectivity must be driven by variation in surrounding amino acids that constitute the binding surface. In LPMO10s, the substrate-binding surface is made up of 20 -30 amino acids covering an area of ϳ30 by 40 Å (29) . Despite increasing knowledge on how LPMOs interact with their substrate (27, 28, 30) , still little is known about the structural determinants of substrate specificity and oxidative regioselectivity.
Structural comparisons have revealed a correlation between the accessibility of the solvent-exposed axial copper-coordination site and oxidative regioselectivity (25, 31) that awaits experimental verification. Experimental data on oxidative regioselectivity from Vu et al. (23) showed that removal of an extra loop, which is found in LPMO9s that can oxidize both C1 and C4 in cellulose, eliminated the ability to oxidize the C4-carbon, whereas the C1 activity was preserved. This finding correlates well with the fact that this loop is lacking in LPMO9s that exclusively oxidize C1, but it is more intriguing when considering that strictly C4-oxidizing LPMO9s also lack this loop. It seems that other determinants for oxidative regioselectivity are still to be discovered. On this note, Danneels et al. (32) recently showed that aromatic residues on the surface of LPMO9s affect oxidative regioselectivity.
In this study, we have compared sequences of LPMO10s that oxidize cellulose at either the C1 or at the C1-and C4-carbons. Surface-exposed residues identified by correlated mutation analysis (33) as well as residues affecting the accessibility of the solvent-exposed axial copper-coordination site were targeted by site-directed mutagenesis. As part of these studies aimed at identifying structural determinants of LPMO functionality and focusing on oxidative regioselectivity, a previously uncharacterized LPMO10 from the bacterium Micromonospora aurantiaca (MaLPMO10B), with predicted mixed C1/C4 activity, was structurally and functionally characterized, including an assessment of the role of its family 2 carbohydrate-binding module (CBM2). Apart from unraveling determinants of oxidative regioselectivity, these site-directed mutagenesis studies provide some insight into the structural determinants of substrate specificity. This study also reveals mutational effects on enzyme stability that are likely related to changes in the rate of production and consumption of H 2 O 2 . Oxidative regioselectivity in cellulose-active LPMOs. C1 oxidation (upper scheme) results in the formation of lactones that are hydrated to aldonic acids and generate native non-reducing ends. C4 oxidation (middle scheme) leads to the formation of ketoaldoses and the corresponding hydrated gemdiols and generates native reducing ends. LPMOs with mixed C1/C4 oxidation can, in addition to the abovementioned compounds, also produce oligosaccharides that are oxidized at both ends (i.e. C1/C4 double-oxidized products).
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Results
Sequence diversity analysis and identification of putative structural determinants of LPMO functionality
Facing the scarcity of regioselectivity-related mutagenesis data, we set out to harness information given by natural sequence diversity, focusing on co-evolved residues that could be involved in the divergence between C1-specific and C1/C4oxidizing cellulose-active LPMO10s. A sequence analysis was carried out with 54 sequences (Table S1 ) putatively encoding for the C1-specific and the C1/C4-oxidizing cellulose-active LPMO10s (Fig. 2) . The global analysis pipeline consisted of the following steps: 1) retrieving the sequences from a larger phylogenetic analysis performed in-house that included all substrate specificities within the AA10 family (i.e. chitin and cellulose; see Fig. S1); 2) performing a structure-guided multiple sequence alignment (MSA); 3) carrying out a correlated mutation analysis (CMA (33)) to produce a heat map of correlated mutations ( Fig. S2 ) and to build a correlation network (Fig. 3A) ; 4) mapping the correlated residues on the 3D structure ( Fig. 3 , B and C); and 5) selecting residues for mutational analysis based on CMA results, their spatial location relative to the active site, and existing mutagenesis data. The phylogenetic tree generated in step 1 (Fig. S1 ) shows two distinct subgroups corresponding to C1-specific and C1/C4-oxidizing cellulose-active LPMO10s. ScLPMO10C (also known as CelS2) and ScLPMO10B are wellstudied (25) representatives of each subgroup and were defined as reference sequences for the calculation of sequence identities (Fig. 2) .
Although the CMA was carried out independently of any phenotypic and structural information, the resulting networks of correlated mutations (with a correlation cutoff ϭ 0.9) contained amino acids that differ between the two phenotypic subgroups ( Fig. 3A ), while being highly conserved within each subgroup (Figs. S3 and S4). Mapping the identified correlated residues on the structure of the model enzymes ScLPMO10B and ScLPMO10C showed that the correlated residues cluster at or near the substrate-binding surface and near the copper site ( Fig. 3 , B and C). On the basis of the structural mapping, the 13 residues were divided into three clusters (Fig. 3) . The first cluster includes Pro-145 and Gly-146 on one loop and Arg-212, Asp-214, Glu-217, and Phe-219 on another interacting loop (ScLPMO10C numbering). With the exception of Phe-219, these residues are located at the surface and generally show high correlation factors (Ͼ0.97 for several couples). The second cluster (Leu-47, Asp-51, Gly-57, and Asn-63) includes residues that are relatively distant from the active site and the substratebinding surface. The third cluster includes Tyr-79, Phe-82, and Phe-113 and shows lower correlation factors, except for the Phe-82-Phe-113 pair, for which the correlation factor is 1.00 (see Tables S2-S6 for details on the correlations within this cluster). Trp-141 was not initially identified by the CMA because three kinds of residues are found in the sequence diversity at this position (Trp, Gln, or Gly), which increases the number of potential pairs with other positions and thus decreases the correlation factor. Nevertheless, for reasons explained below, Trp was added to this third cluster. Structural superposition showed that residues in the third cluster aligned better than residues in the first cluster. Because of this and because residues equivalent to Tyr-79, Phe-82, and Trp-141 had previously been shown to be involved in substrate recognition by a chitin-active LPMO10 (27, 35) , the third cluster (gray in Fig. 3 ) was selected for further studies.
Two novel LPMOs: M. aurantiaca LPMO10B and LPMO10D
A new model enzyme was selected as a starting platform for carrying out structure-function studies, namely the LPMO10B from M. aurantiaca (MaLPMO10B). In contrast to ScLPMO10B, MaLPMO10B carries a CBM (CBM2) and both published work and unpublished data from our laboratory have shown that CBMs render the LPMO more active and stable (25, 34, 36) . According to the CAZy database, the M. aurantiaca genome encodes five LPMO10s with different putative activities. MaLPMO10B and MaLPMO10D cluster within the subgroup of C1/C4 cellulose-active LPMO10s; MaLPMO10E clusters with C1-specific cellulose-active LPMO10s (Fig. 2) ; MaLPMO10C clusters with chitin-active LPMO10s; and MaLPMO10A is a cell wall-anchored enzyme of unknown activity (see Fig. S1 ). In this study, the putatively C1/C4-oxidizing MaLPMO10D, containing a CBM2, was also expressed. The nature of correlated residues is almost identical for MaLPMO10B, MaLPMO10D, and ScLPMO10B (Fig. 3 ).
MaLPMO10B and MaLPMO10D were recombinantly expressed, and the activity was tested on cellulose and chitin substrates, including ScLPMO10B (a known C1/C4-oxidizer (25)), ScLPMO10C (a known cellulose C1-oxidizer (25)), and (25, 34) , and their names appear in the figure. The names of the three MaLPMO10s with predicted cellulose activity and (uncharacterized) CflLPMO10C, which was used as a sequence boundary for the C1/C4 group, also appear in the figure. Orange triangles indicate sequences that contain an insertion that also occurs in MaLPMO10B as discussed in the main text. The sequences of the LPMOs shown in this picture are provided in Table S1 .
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the Serratia marcescens LPMO (SmLPMO10A, a known chitin C1-oxidizer (1)) for comparison. In agreement with the phylogeny-based prediction, analysis by HPAEC-PAD and MALDI-TOF MS of products generated from PASC degradation revealed that both M. aurantiaca LPMOs produce a mixture of C1-, C4-, and double-oxidized (C1/C4) cello-oligosaccharides ( Fig. 4A and Fig. S5 ). LPMOs with a covalently attached CBM2 (ScLPMO10C, MaLPMO10B, and MaLPMO10D) generated more products than ScLPMO10B, which does not have a CBM. The product profiles showed that MaLPMO10B produced more C4-oxidized products than the two other C1/C4-oxidizing LPMO10s (MaLPMO10D and ScLPMO10B), whereas ScLPMO10C, as expected, generated C1-oxidized species only ( Fig. 4A ). As observed previously for ScLPMO10B (25) , and in contrast to the C1-oxidizing ScLPMO10C, the two novel C1/C4-oxidizers were also active on chitin ( Fig. 4B and Fig. S6 ). Interestingly, in contrast to chitin-specific SmLPMO10A (also known as CBP21 (1)), the three LPMOs with dual-substrate specificity generated considerable amounts of partially deacetylated chito-oligosaccharides (see MALDI-TOF MS Fig. S6 ).
Crystal structure of the catalytic domain of MaLPMO10B
The structure of the catalytic domain (cd) of MaLPMO10B (residues 37-230, lacking the linker and the CBM2), called MaLPMO10B cd , was determined to 1.08 Å with a single molecule in the asymmetric unit ( Table 1 ). The structure shows the typical LPMO fold with a central ␤-sandwich made up by two distorted ␤-sheets connected by several loops and helices (Fig.  5A ). The first ␤-sheet is formed by three antiparallel ␤-strands (S1, S4, and S8), and the second ␤-sheet is built up by four antiparallel strands (S5, S6, S9, and S10). Two small ␤-strands are located antiparallel (S2) or parallel (S3) to S10 in the fourstranded sheet. Another small ␤-strand (S7) is located in an insertion and lies antiparallel relative to S8. This insertion, which includes 11 residues (Pro-180 -Gly-190) and extends the substrate-binding surface in MaLPMO10B (Fig. 5 ), occurs in only six out of the 28 C1/C4-oxidizer sequences used in the CMA (Fig. 2 , orange triangles). An insertion of similar length occurs in C1-oxidizing ScLPMO10C having a different conformation and sequence ( Fig. S7 ). Notably, this insertion occurs in an otherwise rather conserved region. Most of the sequence diversity in LPMOs is found in the region between strands S1 and S3 (36 -38) , also known as loop 2 (abbreviated as L2 (39)). The L2 region, which consists of 74 residues in MaLPMO10B, contains seven helices of varying sizes and makes up approximately half of the substrate-binding surface ( Fig. 5B ). Three of the four residues that were the primary mutagenesis targets in this study (Trp-82, Asn-85, and Tyr-116) are located in the L2 region. Apart from the extra insertion (Pro-180 -Gly-190) discussed above, the surfaces of MaLPMO10B and ScLPMO10B are highly similar (Fig. 5B ).
The active site in MaLPMO10B is formed by His-37 and His-144 that coordinate the copper atom in a T-shaped geometry. No water molecules were found adjacent to the copper, which indicates that the copper had been reduced during data collection (29, 42) . Interestingly, the conformation of Ala-142 in MaLPMO10B is consistent with the position of the activesite alanine in the two other available structures of C1/C4-oxi- A shows networks of correlated mutations; numbers in green circles represent the position of the residues in the MSA, and below each number the amino acids found at this position in C1-oxidizing ScLPMO10C (green), and C1/C4-oxidizing ScLPMO10B (orange), MaLPMO10B (blue), or MaLPMO10D (purple) are provided. Solid lines connecting two positions represent a correlation, with a correlation factor above 0.9 (gray) or 0.97 (red). As is common in CMA (33), existing mutagenesis data and, in particular, structural analyses were used to identify other potentially relevant connections, involving positions 51, 54, 117, 207, and 213 (black lines). B and C (top and side view, respectively) show mapping of the selected residues onto the superposed structures of ScLPMO10C (PDB 4OY7, side chains colored green) and ScLPMO10B (PDB 4OY6, side chains colored orange), which led to the designation of the three spatially separated clusters (blue, gray, and red) that are also indicated in A. The numbering provided in B and C is that of ScLPMO10C. Positions that were targeted by site-directed mutagenesis are highlighted by a red star. The copper ions are indicated by orange (ScLPMO10B) or green (ScLPMO10C) spheres.
Functionality of cellulose-oxidizing LPMO10s
dizing LPMO10s (ScLPMO10B-Ala-148 and TfLPMO10A-Ala-142), which strengthens the observed correlation between oxidative regioselectivity and the accessibility of the axial coordination site of the copper, the latter being seemingly higher in C1/C4-oxidizers relative to strictly C1-oxidizers ( Fig. 6 ).
Probing putative functional determinants by site-directed mutagenesis
MaLPMO10B, ScLPMO10B, and ScLPMO10C were targeted for site-directed mutagenesis, to assess the roles of the four residues identified by the CMA and to test the impact of the active-site alanine discussed above and in Ref. 25 . All mutant proteins were produced in reasonable amounts and could be purified using the procedures developed for the corresponding wildtype enzymes. Table 2 lists all the mutants used in this study, including their relative activities and their oxidative regioselectivity.
In initial experiments, we addressed the observed correlation between the apparent accessibility of the solvent-exposed axial copper coordination site and oxidative regioselectivity. Ala-148 in ScLPMO10B and Ala-142 in MaLPMO10B, both C1/C4-oxidizers, are located such that they do not block access to the solvent-exposed axial copper coordination site, possibly due to a loop displacement that seems mediated by a conserved aspartate (Asp-146 in ScLPMO10B and Asp-140 in MaLPMO10B, respectively; Fig. 6, A and B) . The ScLPMO10B-A148G and A148S mutants showed strongly reduced activity but still produced C4-oxidized products (see Fig. 6C , in particular the small peak corresponding to double-oxidized dimer eluting at ϳ40 min). The A142G mutation in ScLPMO10C reduced activity but did not endow the enzyme with C4-oxidizing ability (Fig.  6D ). We also addressed the role of the conserved aspartate possibly involved in "displacing" the conserved alanine in C1/C4oxidizers ( Fig. 6, A and B) . The MaLPMO10B-D140A mutant showed moderately reduced activity and essentially unchanged oxidative regioselectivity, although with a slight shift toward a (40) .
where F o and F c are the observed and calculated structure factor amplitudes, respectively. R free is calculated from a randomly chosen 5.0% subset of all unique reflections not used in refinement. d Data were defined using MolProbity (41) .
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higher C1:C4 ratio ( Fig. 6D ; Table 2 ). All in all, these experiments do not support the suggestion, from structural comparisons, that access to the solvent-exposed axial cooper coordination site is a key determinant of oxidative regioselectivity. Table 2 , Fig. 7 , and Fig. S8 show the activities of a series MaLPMO10B variants designed based on the outcome of the CMA and containing one to four mutations. All mutations changed the sequence of C1/C4-oxidizing MaLPMO10B toward the sequence of C1-oxidizing LPMO10s. The mutated variants showed C1 activities ranging from 10 to 27% of wildtype activity, whereas C4 activity was reduced to a higher extent, ranging from 1 to 15% of wildtype activity (Table 2) . Thus, several of the mutants showed strongly increased C1:C4 ratios in their product mixtures, in particular mutants containing the N85F mutation (CMA position 54, Fig. 3 ). Quantitative analyses ( Fig. 7 ; Table 2 ) showed that the N85F mutation alone changes the C1:C4 ratio from 0.9 (for the WT) to 5.9. The highest C1:C4 ratios were observed for the double mutant W82Y/ N85F (10.9) and the triple mutant W82Y/N85F/Y116F (14.7). For further verification, a limited number of mutations was also made in C1/C4-oxidizing ScLPMO10B and C1-oxidizing ScLPMO10C. In accordance with the results obtained with MaLPMO10B, mutation of CMA positions 51 and 54 in ScLPMO10B (W88Y/N91F, analogous to W82Y/N85F in MaLPMO10B) reduced the C4 activity, in this case to undetectable levels (Fig. S9A ). It should be noted that, due to the weak activity of ScLPMO10B and in particular of its mutants, the levels of C4-oxidized products were close to the limit of detection, meaning that it is not certain that C4 activity was eliminated completely. Introduction of reversed mutations in ScLPMO10C (Y79W and F82N, alone or in combination) led to a moderate reduction of activity, but it did not lead to production of C4-oxidized compounds ( Table 2 ; Fig. S9, C and D) .
Finally, the truncated MaLPMO10B cd variant was also tested, showing reduced activity but an unchanged C1:C4 ratio (Figs. 7; Fig. S8 ; Table 2 ).
Westereng et al. (43) have shown chemical instability of the C4-oxidized oligosaccharides at alkaline conditions, which are used during HPAEC-PAD. The instability causes on-column decomposition and results in production of native oligosaccharides that contain one less sugar than the original C4-oxidized product. A typical chromatogram for an LPMO with C4 or mixed C1/C4 activity therefore usually shows a higher quantity of native products compared with chromatograms for a strict C1-oxidizing LPMO (see Figs. 4 and Fig. S8 ) (23) . Thus, loss of C4-oxidizing activity in some of the mutants discussed above should also be reflected in a higher C1:native ratio, and this was indeed observed (Fig. S10 ).
Chitin activity of MaLPMO10B variants
Because all so far-characterized C1/C4-oxidizing celluloseactive LPMO10s are also active on chitinous substrates, but strict C1-oxidizing cellulose-active LPMO10s are not, the identified CMA positions may also give insight into determinants for substrate specificity. All MaLPMO10B variants were therefore tested for activity on chitin ( Fig. S11 and Table 2 ). Variants with the largest reduction in C4-oxidizing activity, such as the N85F single mutant and the W82Y/N85F double mutant, showed the lowest activity on chitin. Remarkably, although the individual Y116F and Q141W mutations had relatively small effects on chitin activity, this activity was completely abolished in the W82Y/N85F/Q141W and W82Y/N85F/Y116F/Q141W mutants, both of which are active on cellulose (Fig. S8 ). It would thus seem that the combined substrate-binding residues targeted in this study, which were found by comparing C1-and C1/C4-oxidizing cellulose-active LPMO10s, are also essential A, secondary structure of MaLPMO10B cd shown as cartoon with the active-site histidines (His-37 and His-144) shown as sticks and the copper ion shown as an orange sphere. The ␣-helices (H1-H9) are colored blue and the ␤-strands (S1-S10) are colored green. Helices H1-H7 occur in the region sometimes referred to as L2 loop. B, side chains in the substrate-binding surface of MaLPMO10B. Blue residue labels correspond to MaLPMO10B residues, and the corresponding residue is the same in ScLPMO10B unless otherwise stated (orange labels). The extra surface region present in MaLPMO10B (and in five of the other 28 C1/C4 sequences used in this study, but not in ScLPMO10B) is colored in magenta and includes a small helix (H9) and a short strand (S7). Side chains that were targeted for mutagenesis based on the CMA are shown as green sticks. The corresponding residues in the two S. coelicolor LPMOs are provided below the structure.
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for activity toward chitin substrates. It is noteworthy that LPMO10s that exclusively oxidize chitin all have a threonine at CMA position 117, i.e. a residue that is much smaller than the Trp residue, which, when combined with a Phe at CMA position 54, abolishes chitin activity.
Stability of MaLPMO10B variants
LPMO-catalyzed reactions suffer from enzyme inactivation that is likely caused by auto-oxidation (16) . To assess the stability of wildtype MaLPMO10B and a selection of mutants (WT cd , W82Y, N85F, Y116F, W82Y/N85F, and W82Y/N85F/Y116F), product formation was analyzed over time ( Fig. 8 ). Under the conditions used, the wildtype enzyme showed an increase over time for up to 8 h for both C1 and C4 products. Interestingly, several of the less active variants described above showed rates equal to or even higher than wildtype rates early in the reaction (Fig. 8B ). Because these variants also show rapid enzyme inactivation, maximum product levels were reached before 2 h (Fig.  8A) . Notably, if product formation had been measured after 2 h only ( Fig. 8B ), we would have concluded that W82Y/N85F has better activity than the wildtype, although its specificity had changed from C1/C4 to almost exclusively C1.
Careful inspection of existing data shows that deletion of carbohydrate-binding modules negatively affects the lifetime of an LPMO (25, 34, 36) , and very recent data indicate that substrate binding protects the enzyme from oxidative self-inactivation (16) . It is thus not surprising that truncated MaLPMO10B, which indeed binds much weaker to the substrate ( Fig. S12) , is among the mutants with short lifetimes (Fig.  8 ). To probe the early inactivation of the WT cd and W82Y/ N85F variant, an experiment was performed in which more substrate or more enzyme was added to the reactions at a time when product formation had ceased (Fig. S13 ). This experiment clearly showed that only addition of enzyme resulted in increased product formation, which implies that the unstable kinetics is due to enzyme inactivation and not to depletion of reductant-, oxygen-, or substrate-binding sites. It is noteworthy that W82Y/N85F, as well as W82Y and N85F with similar inactivation behavior, still has an intact CBM, suggesting that other factors, such as the protein configuration near the copper site, play a role in LPMO stability. The Y116F mutation is special in that it clearly reduced the initial rate but not the stability. Introduction of this mutation into the unstable but highly active double mutant W82Y/N85F reduced activity and restored stability (Fig. 8A) . 
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It has been shown that in the absence of substrate LPMOs produce H 2 O 2 (44) , whereas H 2 O 2 is not detected in the presence of appropriate substrate (20) . Recent data indicate that H 2 O 2 generated from molecular oxygen by non-substratebound LPMOs may subsequently be used as co-substrate in oxidative polysaccharide cleavage by substrate-bound LPMOs (16) . Production of H 2 O 2 was measured for the WT and seven of the mutants in the presence and absence of cellulose (Table  3) . Insignificant H 2 O 2 accumulation was observed in the reactions carried out in the presence of substrate (data not shown), but in the absence of substrate LPMO-dependent production of H 2 O 2 was observed as were variations between the mutants. Most variants showed wildtype like or slightly a Position is in the CMA, see Fig. 3 and Tables S2-S6 for more details. NP is not part of the CMA. b Residue distributions are shown for the sequences used in the CMA and belonging to the same subgroup (i.e. C1/C4 or C1-specific cellulose-active LPMO10). c Data are based on quantifiable data from Fig. 7 and Fig. S9, B and D. Solubilized cello-oligosaccharides from PASC degradation were hydrolyzed by treatment with TfCel5A to generate larger amounts of fewer, quantifiable oxidized products. For ScLPMO10B variants, the C4 products were below detection limits (BDL). d See Fig. S11 for chromatograms of chitin-active MaLPMO10B variants. Figure 7 . Quantification of C1-and C4-oxidized products generated by MaLPMO10B variants. Reactions containing 0.2% PASC, 1 M Cu(II)-loaded LPMO, and 1 mM ascorbic acid in 50 mM BisTris buffer, pH 6.0, were incubated for 24 h at 40°C (1000 rpm) after which solubilized cello-oligosaccharides were hydrolyzed by treatment with TfCel5A to generate larger amounts of fewer, quantifiable oxidized products. C1-and C4-oxidized dimers with known concentrations were used as standards to determine the concentration of C1-oxidized (green) and C4-oxidized (blue) products in the respective samples (see Fig. S14 for standard curves and quantification). The C1:C4 ratios are shown as red markers (secondary y axis). The error bars show Ϯ S.D. (n ϭ 3).
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reduced H 2 O 2 production rates ( Table 3 ). The Y116F-containing mutants with strongly reduced initial activity also showed the strongest reduction in H 2 O 2 production. All in all, these data indicate that, likely with the exception of Y116F, the mutations did not seriously affect the ability of the LPMO to activate O 2 .
The consumption of added exogenous H 2 O 2 at the start of the reaction was measured for the two wildtype enzymes (WT and WT cd ) and the two mutants with the lowest relative H 2 O 2 production rates (i.e. Y116F and the triple mutant W82Y/ N85F/Y116F). The reaction mixtures contained only minute amounts (10 M) of ascorbic acid, which would be sufficient to carry out priming reduction for subsequent H 2 O 2 -driven catalysis (16) , while minimizing O 2 -driven catalysis, which, no matter which mechanism one assumes (12, 13) , requires one molecule of ascorbic acid (or another two-electron donor) per reaction. The WT consumed all H 2 O 2 during the first 15 min ( Fig. 9A ) and rapid product formation occurred in that same time frame (Fig. 9B) . The slow and limited further increase in product levels after 15 min for the WT corresponds well with the control reaction that lacks exogenous H 2 O 2 supply. The Y116F mutant behaved in a similar manner, indicating that, although this mutation affects the enzyme's ability to activate O 2 and form H 2 O 2 (Table 3) , it does not affect the ability to use H 2 O 2 for catalysis. The variant lacking the cellulose-binding module and the triple mutant with a reformed substrate-binding surface in the LPMO domain showed rapid enzyme inactivation ( Fig. 9B ) and thus incomplete enzyme-driven consumption of H 2 O 2 . The product levels (Fig. 9B ) indicate that WT cd was inactivated rapidly, long before H 2 O 2 was consumed ( Fig.  9A) . Indeed, in this case, and in sharp contrast with WT and Y116F, the rate of H 2 O 2 consumption between 15 and 120 min was similar to the background consumption measured in a control reaction with CuSO 4 (Fig. 9A) . a The rate was derived from the data points acquired during the 20 first min of the reaction. b H 2 O 2 levels in similar reactions in the presence of PASC (0.195% w/v) were similar to the levels obtained in control reactions carried out in the absence of LPMO and thus are essentially negligible. c The error is the standard deviation derived from three replicates. d The error represents the sum of errors calculated for the LPMO-free reaction and the one under consideration.
Discussion
The mutational effects described above provide insight into the structural determinants of the oxidative regioselectivity of LPMO10s. Somewhat unexpectedly, almost any mutation, even sets of correlated mutations, seemingly reduced LPMO activity under standard assay conditions. Measurement of progress curves for the most interesting mutants showed that, in most cases, this apparent reduction in enzyme activity is due to reduced operational enzyme stability ( Fig. 8 ), which could be due to changes in the enzymes' ability to handle activated oxygen species, as discussed below. This leads to the conclusion that the copper sites of LPMOs and their surroundings represent a carefully balanced conformational arrangement, where multiple side chains confer specific enzyme properties (oxidative regioselectivity and substrate preferences) while maintaining sufficient operational (redox) stability. The data presented in this paper clearly show that it is imperative that any quantitative evaluation of LPMO functionality is supported by progress curves. For example, looking at Fig. 8 , it is clear that if only 2-h time points had been used, the conclusions concerning catalytic activity would differ substantially from when only 24-h time points had been used.
To assess the structural determinants of oxidative regioselectivity, several mutations were made in previously described cellulose-active LPMO10s, as well as in one of two newly characterized cellulose-active LPMO10s from M. aurantiaca, MaLPMO10B. The crystal structure of the catalytic domain of CBM2-containing MaLPMO10B was determined. Deletion of the CBM2 affected the operational stability of the LPMO (see below) but did not affect the C1:C4 ratio. Various mutations, in several LPMOs, that likely affect the accessibility of the solventexposed axial copper coordination site did affect catalytic efficiency to an extent that did not allow us to determine accurately the C1:C4 ratio. Because of low product levels, C4-oxidized products generated by the two ScLPMO10B-Ala-148 mutants could not be quantified, but the presence of a peak corresponding to the double-oxidized dimer (Fig. 6 ) revealed that these mutants were still able to oxidize the C4-carbon. Removal of Ala-142 in C1-oxidizing ScLPMO10C did not introduce C4 activity. Notably, the structural effects of these latter mutations, e.g. on copper coordination and substrate binding, remain unknown, and further work is needed to unravel how the conserved alanine at or near the axial copper coordination position affects LPMO functionality. It seems clear however that this alanine is not a major determinant of oxidative regioselectivity.
The CMA of LPMO10s revealed a network of correlated mutations on or close to the LPMO-substrate-binding surface. The surface location of correlated residues indicates that evolution in LPMOs is primarily restrained by substrate recognition and/or by managing catalysis at the copper site. The CMA yielded 14 positions, where residues are highly conserved within each phenotypic subgroup. Based on their position in the structure, and somewhat arbitrarily, these 14 positions were divided into three clusters, one of which, the gray cluster ( Fig.  3) , was subjected to mutagenesis studies. The blue cluster involves a surface loop that shows high sequence and structural variation among LPMO10s. In LPMO9s, this surface loop is conserved regardless of substrate and oxidative regioselectivity (38) . Several residues in the blue cluster are known to be important for substrate binding (35) and/or to be essential for LPMO activity (45) (46) (47) . Addressing this cluster by mutagenesis is challenging due to the structural variation, which complicates structural superpositions and precludes reliable mutant design. Although the mutational studies of the gray cluster did provide insights into oxidative regioselectivity and yielded variants of MaLPMO10B that are almost exclusively C1-oxidizing, it is also clear that the present results do not provide the complete picture. This is illustrated by the fact that the introduction of "reversed" mutations in C1-oxidizing ScLPMO10C did not introduce C4-oxidizing activity. Thus, future work should likely include residues in the blue cluster.
The mutational analysis focused on the gray cluster, close to the catalytic copper, comprising Trp-82 (CMA-51), Asn-85 (CMA-54), Tyr-116 (CMA-88), and Gln-141 (CMA-117) (MaLPMO10B numbering, with CMA numbering in parentheses) (Fig. 5B ). CMA positions 51 (MaLPMO10B-Trp-82) and 54 (MaLPMO10B-Asn-85) have a modest relative correlation score of 0.83, because two different residues appear at position 54 in C1/C4-oxidizing LPMO10s, namely Asn or Met. However, the 51-54 pair is highly conserved in C1-specific celluloseactive LPMO10 sequences (Tyr-79-Phe-82 in ScLPMO10C). Position 54 is 100% correlated with position 88 (Tyr-116 in MaLPMO10B). Finally, despite its relatively low correlation score with other positions (due to different possible combinations within the C1/C4 subgroup), position 117 (MaLPMO10B-Gln-141) was included in the mutagenesis 
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strategy because it is highly conserved in C1-specific, chitin, or cellulose-active LPMO10s (Thr and Trp, respectively).
Mutation of residues in the gray cluster ( Fig. 3 ) indeed changed the C1:C4 ratio. The most important single mutation is N85F, raising the C1:C4 ratio from approximately one to approximately five. Stronger effects were obtained upon combining mutations, which led to non-additive effects on the C1:C4 ratio, which reached 11 in the W82Y/N85F mutant and 15 in the W82Y/N85F/Y116F mutant. Data derived from standard 24-h assays (Fig. 7) gave the impression that all mutants had lost catalytic activity relative to the wildtype, but the progress curves of Fig. 8 showed that the apparent reduction in activity is due to reduced stability. The 2-h time points of Fig. 8 show that mutants N85F and W82Y/N85F are at least as active as the wildtype and have C1:C4 ratios of 8 and 20, respectively, compared with 2 for the wildtype. The Y116F mutation is an exception, as it did reduce catalytic activity while not reducing stability ( Fig. 8 ; like for the wildtype enzyme, product formation continues over time but at a reduced level). Moreover, the Y116F mutation restored stability when added to the W82Y/N85F double mutant. The W82Y/N85F/Y116F triple mutant seems as stable as the wildtype, but it displays reduced catalytic efficiency and undetectable C4-products during the first 4 h (Fig. 8) .
All in all, the mutational data for the gray cluster show that mutations in this area have a strong effect on the C1:C4 ratio, as well as on other aspects of LPMO functionality (stability and catalytic efficiency). The connections between the various mutational effects are difficult to grasp as is the considerable non-additivity of mutational effects. As recently pointed out by Danneels et al. (32) , aromatic residues on the surface are likely to affect substrate binding and thus, possibly, the C1:C4 ratio, a notion that is corroborated by the effects of the W82Y and N85F mutations in MaLPMO10B. The general picture emerging from the present and other studies is that oxidative regioselectivity is determined by the exact positioning of the substrate relative to the copper site and that variation in this positioning is the result of multiple mutations (and may vary between substrates (48)). Interestingly, structural superpositions of C1-and C1/C4-oxidizing LPMO10s with the structure of an LPMO9 in complex with cellotriose show that the N85F mutation, which is the single mutation with the largest effect on the C1:C4 ratio, is very likely to affect substrate binding (Fig. 10) . Additional mutational effects, e.g. on stability, are likely due to changes in the ability of the copper site to generate and withstand reactive oxygen species during the reaction, which again may be related to changes in substrate positioning. This is discussed further below.
If LPMOs are provided with reductant and oxygen in the absence of substrate, they will generate H 2 O 2 (20, 44) , and they may become inactivated due to auto-oxidation ( Fig. 11) (16) . Substrate binding prevents auto-oxidation (16) , and it is thus not surprising that MaLPMO10B cd , lacking the CBM2 and binding much less strongly to cellulose, was less stable than the wildtype. It is more surprising that several of the MaLPMO10B mutants, which still contain the CBM2 and bind strongly to cellulose, also had reduced stability. This shows that high, CBM-driven affinity to the substrate is not the only determinant of productive LPMO binding. Apparently, the network of enzyme-substrate interactions near the copper site plays a role in channeling the redox chemistry into a productive and not self-destructive direction.
All mutants, except mutants containing Y116F, produced hydrogen peroxide in wildtype-like amounts, showing that the ability to activate molecular oxygen generally was not affected and explaining why the exception, Y116F, had a truly reduced catalytic activity. Removal of the hydroxyl group of Tyr-116, at 10.6 Å from the copper, thus diminishes the enzyme's ability to activate oxygen. It has recently been shown that LPMOs can use hydrogen peroxide rather than molecular oxygen, and there is evidence that hydrogen peroxide, which in standard reactions would be generated by the LPMO itself using molecular oxygen Å from the C1-carbon of the ϩ2 sugar suggesting that, in an LPMO with Phe at this position, the substrate will be bound in a different manner compared with LsLPMO9A. Figure 11 . Schematic representation of O 2 -driven polysaccharide oxidation by LPMOs assuming a catalytic mechanism that depends on H 2 O 2 . A shows the 1 e Ϫ reduction of LPMO-Cu(II) catalyzed by ascorbic acid (or other electron donors), which may be followed by LPMO-catalyzed H 2 O 2 production from O 2 (B) (44) ). Alternatively, the LPMO-Cu(I) may bind to substrate (C) where it uses H 2 O 2 to oxidize the substrate (D; this can happen multiple times, because the LPMO stays in the Cu(I) state). H 2 O 2 is not only generated by non-substrate bound LPMOs (B) but also by oxidation of ascorbic acid, which is catalyzed by trace metals (e.g. Fe 3ϩ and Cu 2ϩ ; abbreviated to Me) (F). Reduced LPMOs that are not bound to substrate, due to the absence of substrate or, as for some of the mutants in this study, due to impaired binding abilities, will undergo auto-oxidization leading to enzyme inactivation (E). This scheme is based on a recent study by Bissaro et al. (16) . Other catalytic scenarios that are not dependent on the formation of H 2 O 2 have recently been reviewed Refs. 12 and 13.
and ascorbic acid, is the true co-substrate during polysaccharide oxidation (Fig. 11) (16) . Because excess H 2 O 2 damages the LPMO (16), stable enzyme kinetics can only be obtained if the rate of H 2 O 2 production in a reaction does not exceed the rate of H 2 O 2 consumption. The rate of H 2 O 2 consumption will be affected by how well the enzyme binds to and cleaves the substrate. Experiments with added H 2 O 2 showed that the Y116F consumes H 2 O 2 almost as fast as the wildtype, which explains why this mutant, with decreased H 2 O 2 production, shows stable kinetics. For other variants, with weakened (WT cd ) or changed substrate binding (all CMA mutants containing the N85F mutation), the produced wild type-like levels of H 2 O 2 are apparently too high, leading to rapid enzyme inactivation. It is important to note that product formation is much faster in reactions with addition of exogenous H 2 O 2 compared with reactions in which the LPMOs have to produce H 2 O 2 from O 2 , thus corroborating the results of Bissaro et al. (16) . This is especially true for the Y116F mutant that has a decreased ability to activate oxygen and, thus, produce "its own" H 2 O 2 .
In a large phylogenetic study on the evolution of substrate specificity among LPMO10s, Book et al. (37) suggested that the ancestral form was a C1-specific chitin-oxidizing LPMO. It is conceivable that the evolution toward cellulose-active LPMOs was accompanied by loss of oxidative regiospecificity leading to mixed C1/C4-oxidizing cellulose-active LPMO10s with remaining activity toward chitin, such as MaLPMO10B. Further evolution toward a C1-specific cellulose-active LPMO10 could be accompanied by loss of the remaining chitin activity, as is indeed observed in Nature (C1-specific cellulose-active LPMO10s are not active on chitin) and in the mutational study presented here (mutants with increased C1:C4 ratio show reduced chitin activity). Fig. S11 shows that the N85F mutation, which is the most important single mutation leading to an increased C1:C4 ratio on cellulose, also has the largest effect on reducing chitin activity. Combination of N85F with Q141W, which alone hardly affected the C1:C4 ratio or chitin activity, abolished activity on chitin.
In conclusion, this study reveals determinants of the oxidative regioselectivity of LPMO10s, showing how a chitin-and cellulose-active C1/C4-oxidizing LPMO can be transformed to an LPMO that is only active on cellulose and that almost exclusively oxidizes C1. Importantly, the results also underpin the intricacy of these enzymes and the major challenges in experimental assessment of their functionality. It seems that many residues in the binding and catalytic surface somehow are interacting, either directly or via effects on the copper site or via their interactions with a substrate spanning the surface. As a result, mutational effects are not additive. Despite encouraging progress in recent years (6, 12, 13, 38) and in this study, it is clear that more work is needed to fully unravel how these powerful and important enzymes work.
Experimental procedures
Bioinformatics analysis
To construct the pool of sequences of C1-specific or C1/C4oxidizing cellulose-active LPMO10s, sequences of experimentally characterized ScLPMO10C and ScLPMO10B, respec-tively, were used as queries for protein-protein BLAST (blastp) searches against the non-redundant NCBI database, with threshold sequence identity values of 37 and 50% (based on previous phylogenetic analyses). The resulting sequences were used to construct phylogenetic trees to identify specific enzymes as sequence "boundaries," namely TfLPMO10B for the C1-specific pool and CfLPMO10C for the C1/C4 pool. Sequences in between the sequence query and the corresponding sequence boundary in the tree were selected to constitute one pool (Table S1 ). Twenty six sequences were selected for the C1-specific pool and 28 sequences for the C1/C4 pool (the latter pool corresponds to clade II-B in the phylogenetic analysis of LPMO10s (37)).
Each set of sequences was then aligned using the T-Coffee Expresso on-line tool (49) using the structures of ScLPMO10C (PDB 4OY7) and ScLPMO10B (PDB 4OY6) as additional data input. The resulting MSA was employed as input to build the final phylogenetic tree (Fig. 2) , using PhyML available via the on-line platform Phylogeny.fr (50) , 3 and to carry out the CMA. Positions in the MSA with correlated mutations were identified by applying the 3DM database's Comulator on-line tool (33) , providing a correlated position heatmap as well as a correlation network. Phylogenetic trees were visualized using the iTOL platform (51) , and 3D-protein structures were visualized using the PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.
Cloning, expression, and purification
Codon-optimized genes encoding the M. aurantiaca ATCC 27029 LPMO10s MaLPMO10B (residues 1-366; UniProtKB D9SZQ3; signal peptide ϩ LPMO domain ϩ CBM2 domain) and MaLPMO10D (residues 36 -355; UniProtKB D9T1F0; LPMO domain ϩ CBM2 domain) were purchased from Gen-Script (Piscataway, NJ). Gene-specific primers (Table S7) , with sequence overhangs corresponding to the pre-linearized pRSETB (Invitrogen) expression vector, were used to amplify the two lpmo genes generating fragments ready to be inserted into the vector using the In-Fusion HD cloning kit (Clontech). MaLPMO10B was cloned with its native signal peptide (residues 1-36), whereas MaLPMO10D was cloned without its signal peptide (residues 1-35) and fused to the signal peptide of SmLPMO10A (residues 1-27) as described previously (46) . For structural studies, a truncated version of MaLPMO10B was also produced (residues 1-230; called MaLPMO10B cd ) lacking the CBM2 and the linker between the two domains. Sequenceverified plasmids were transformed into One Shot BL21 Star TM (DE3) chemically competent Escherichia coli cells (Invitrogen) for protein expression. Cells harboring the plasmids were inoculated and grown in lysogenic broth (LB) medium supplemented with 100 g/ml ampicillin. Cells producing full-length LPMOs were cultivated at 30°C for 20 h, whereas cells producing MaLPMO10B cd were grown at 37°C for 16 h (note that expression was driven by leakiness of the T7 promoter and that no isopropyl 1-thio-␤-D-galactopyranoside (IPTG) was added). Cells were harvested by centrifugation, and periplasmic extracts were generated by applying an osmotic shock method (52) . The periplasmic fractions, containing the mature (i.e. signal peptide-free) protein, were sterilized by filtration and adjusted to 25 mM BisTris propane/HCl, pH 9.5, prior to protein purification. All MaLPMO10 enzyme variants were purified by an anion-exchange chromatography method using a 5-ml HiTrap DEAE FF column (GE Healthcare) and a running buffer consisting of 25 mM Bis-Tris propane/HCl, pH 9.5. Under these conditions, most E. coli proteins bound to the column, whereas the full-length MaLPMO10s came out pure in the flow-through. Only the truncated version of MaLPMO10B, MaLPMO10B cd , bound to the column and was eluted by applying a linear salt gradient (0 -500 mM NaCl) over 60 column volumes. LPMO-containing fractions were subsequently pooled and concentrated using Amicon ultracentrifugal filters (Millipore) with a molecular mass cutoff of 10,000 Da, and MaLPMO10B cd was further purified by size-exclusion chromatography using a HiLoad 16/60 Superdex 75 column operated at 1 ml/min and with a running buffer containing 50 mM Tris/ HCl, pH 7.5, and 200 mM NaCl. Protein purity was verified by SDS-PAGE, and fractions containing pure protein were combined and concentrated using Amicon ultracentrifugal filters (Millipore). Two Streptomyces coelicolor LPMOs, ScLPMO10B and ScLPMO10C, were expressed and purified as described previously (25) .
Before use, all enzymes were saturated with Cu(II), as described previously (53), followed by desalting using PD Midi-Trap G-25 columns (GE Healthcare) equilibrated with 20 mM BisTris, pH 6.0. Protein concentrations were determined by measuring A 280 and using the proteins' calculated molar extinction coefficients (using the ExPASy ProParam tool) to convert A 280 to concentration (Table S8) .
Site-directed mutagenesis
Plasmids encoding full-length MaLPMO10B (LPMO ϩ CBM2), ScLPMO10B (only an LPMO domain), and ScLPMO10C (LPMO ϩ CBM2) were used as template for site-directed mutagenesis. The mutants listed in Table S8 were generated using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). Mutated plasmids were verified by sequencing and thereafter used for protein expression and purification in the same way as for the wildtype enzymes (see above).
Crystallization, diffraction data collection, structure determination, and model refinement
Crystals of the catalytic LPMO10 domain of MaLPMO10B (MaLPMO10B cd ; residues 37-230) were obtained by hangingdrop vapor diffusion at room temperature by mixing equal volumes (1 l) of the Cu(II)-saturated LPMO solution (in 20 mM BisTris, pH 6.0) and the reservoir solution. Crystals were obtained in 0.04 M potassium phosphate monobasic and 16% w/v PEG8000 and 20% v/v glycerol at a protein concentration of 21.9 mg/ml. Crystals were retrieved from the crystallization droplets and transferred to the reservoir solution supplemented with 20% (v/v) ethylene glycol prior to flash-freezing in liquid nitrogen. X-ray diffraction images were collected at the ID23-2 beamline at the European Synchrotron Radiation Facility (ESRF). Several crystals diffracted to ϳ1.1 Å resolution, and a selected data set was integrated, scaled, and analyzed to 1.08 Å using XDS (54) , Aimless (55) , and CCP4i (56) . The structure was solved by molecular replacement using Phaser (57) and a polyalanine model of the ScLPMO10B (PDB 4OY6 (25) ). The model was rebuilt into the MaLPMO10B cd sequence using PHENIX (58) , which was also used for the refinement. Model adjustments and map inspections were carried out using Coot (59) . Riding hydrogen atoms were included for all protein residues, except for hydroxyl side chain groups of Ser, Thr, and Tyr, as well as the N-terminal amino group, which interacts with the catalytic copper ion. Atomic displacement parameters were refined for non-hydrogen atoms using eight different translation/liberation/screw (TLS) groups. The final model refined to R cryst and R free factors of 0.14 and 0.15, respectively.
Enzyme reactions
Standard LPMO reactions were set up with 0.1-0.2% (w/v) PASC as substrate in 50 mM BisTris buffer, pH 6.0, at 40°C. The final LPMO concentration in the reactions was 1 M, and the reducing agent (L-ascorbic acid) was present in a thousand-fold surplus (1 mM), unless otherwise stated. The reactions were carried out in 2-ml Eppendorf tubes and incubated at 40°C in an Eppendorf Comfort Thermomixer at 1000 rpm for up to 24 h. Chitin degradation reactions were set up with 1% (w/v) ␤-chitin (extracted from squid pen, batch 20140101, France Chitin, Orange, France) as substrate, using the same conditions as for PASC degradation. At regular intervals, samples were taken from the reactions, and the LPMO activity was stopped by immediately separating the soluble fractions from the insoluble substrate particles by filtration using a 96-well filter plate (Millipore) operated with a vacuum manifold. By separating soluble oligosaccharides from the insoluble cellulose or chitin, the activity was stopped, as the LPMOs used in this study do not oxidize soluble cello-or chito-oligosaccharides. For qualitative analysis of products generated from PASC, the filtered samples were injected onto a CarboPac PA1 column (see below) without any additional action, whereas samples for quantitative analysis were further hydrolyzed with a GH5 endoglucanase from Thermobifida fusca (TfCel5A (60)) yielding mixtures of glucose, cellobiose, and oxidized products with a degree of polymerization of 2 and 3 (i.e. GlcGlc1A, Glc 2 Glc1A, Glc4GemGlc, and Glc4GemGlc 2 ). Standards for C1-and C4-oxidized dimers were used to quantify the products and determine the oxidative regioselectivity for wildtype and mutant LPMOs (see Fig. S14 ).
Cello-oligosaccharides (Glc 2 -Glc 6 , 95-98% purity, purchased from Sigma or Megazyme) were used as native standards. Cellobiose (98% purity, purchased from Sigma) and cellotriose (95% purity, purchased from Megazyme) were used as substrates for the production of C1-oxidized dimer (cellobionic acid, GlcGlc1A) and trimer (cellotrionic acid, Glc 2 Glc1A) by incubation with 1.5 M cellobiose dehydrogenase from Myriococcum thermophilum (MtCDH), as described previously for the production of lactobionic acid from lactose (11) . C4-oxidized dimer (Glc4GemGlc) was produced in-house by degrading cellopentaose (Glc 5 ) using the C4-oxidizing LPMO9C from Neurospora crassa (NcLPMO9C), as described previously (7) . The double-ox-
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idized dimer (Glc4GemGlc1A) was generated by subjecting Glc4GemGlc to treatment with 1.5 M MtCDH.
Product analysis
Qualitative analysis of native and oxidized products in soluble fractions generated from PASC or chitin was performed by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) (1) and/or HPAEC-PAD for cellulose samples (26) and/or hydrophilic interaction chromatography with A 205 monitoring as described previously (53) for chitin samples. The MS samples were saturated with sodium by incubating the solubilized fraction from the LPMO reaction with 10 mM sodium chloride for 1 h on the bench. Subsequently, 1 l samples were mixed with 2 l of 2,5-dihydroxybenzoic acid (9 g⅐liter Ϫ1 dissolved in 30% acetonitrile) and applied to an MTP 384 target plate ground steel TF (Bruker Daltonics) followed by drying under a stream of air. The samples were analyzed with an Ultraflex MALDI-TOF/TOF instrument (Bruker Daltonics GmbH, Bremen, Germany) equipped with a nitrogen 337-nm laser beam, using Bruker FlexAnalysis software.
HPAEC analysis of products from cellulose was conducted as described previously (26) using an ICS-5000 system from Dionex (Sunnyvale, CA) set up with a disposable electrochemical gold electrode. Five-l samples were injected on a Car-boPac PA1 (2 ϫ 50 mm) column operated with 0.1 M NaOH (eluent A) at a flow rate of 0.25 ml/min and a column temperature of 30°C. Elution was achieved using a stepwise gradient with increasing amounts of eluent B (0.1 M NaOH ϩ 1 M NaOAc), as follows: 0 -10% B over 10 min; 10 -30% B over 25 min; 30 -100% B over 5 min; 100 -0% B over 1 min; and 0% B (reconditioning) for 9 min. For quantitative analysis (i.e. reactions hydrolyzed by TfCel5A), a steeper gradient of acetate was used as follows: 0 -10% B over 10 min; 10 -14% B over 5 min; 14 -30% B over 1 min; 30 -100% B over 2 min; 100 -0% B over 0.1; and 0% B over 10.9 min. Chromatograms were recorded using Chromeleon 7.0 software.
H 2 O 2 production measurements
A reaction mixture (180 l) containing LPMO (1 M), horseradish peroxidase (5 units⅐ml Ϫ1 ), and Amplex Red (Thermo Fisher Scientific) (100 M) in 50 mM BisTris buffer, pH 6.0, was incubated for 5 min at 40°C in a 96-well microtiter plate in a plate reader (Multiskan TM FC Microplate Photometer (Thermo Fisher Scientific)). The reaction was initiated by the addition of 20 l of ascorbic acid (500 M, i.e. 50 M final concentration) in each well, and the release of resorufin was monitored at 540 nm. Resorufin is generated in stoichiometric amounts when horseradish peroxidase (HRP) catalyzes oxidation of Amplex Red by H 2 O 2 . Control reactions in the absence of the LPMO were carried out to obtain the LPMO-independent resorufin production rate. A H 2 O 2 standard curve was prepared using the same conditions (without ascorbic acid and LPMO). Reactions in which PASC (0.195% w/v) was added to the reaction mixture were also carried out, and a corresponding H 2 O 2 standard curve was also made. The reactions were monitored for 90 min, and H 2 O 2 production rates were derived from data points between 2 and 20 min (linear region).
H 2 O 2 consumption measurements
The experiment was carried out as described by Bissaro et al. (16) using the method described by Kittl et al. (44) , with modifications. Reactions containing 1 M LPMO, 0.1% (w/v) PASC, and 10 M ascorbic acid were incubated in 50 mM sodium phosphate, pH 7.0, at 40°C (1000 rpm) in the presence or absence of initial exogenous H 2 O 2 (100 M). From each 400-l reaction mixture, 60-l samples were taken at regular intervals (15, 30, 60, 90 , and 120 min) and mixed with 60 l of 50 mM NaOAc, pH 4.5, before filtration (as described above). Thirty five l of each filtrate was saved for oxidized product analysis (see above). To determine the H 2 O 2 concentration, 50 l of the filtrate was mixed with 50 l of a premix containing HRP (10 units/ml), Amplex Red (200 M) in 50 mM sodium phosphate buffer, pH 7.5. Note that the Amplex Red stock solution (10 mM) was prepared in DMSO (100%), which leads to the presence of 2% final DMSO in the 50-l premix (i.e. 1% in the final 100-l reaction). The reaction mixture (100 l) was incubated in a 96-well microtiter plate during 10 min before recording the absorbance at 540 nm. For each set of measurements, a blank (50 mM sodium phosphate buffer, pH 7.0) and H 2 O 2 standards (prepared in 50 mM sodium phosphate buffer, pH 7.0) were subjected to the same treatment. 
